The mechanisms for the production of relativistic electrons associated with the coalescence/ reconnection of multiple magnetic islands are investigated using two-dimensional particle-in-cell simulations for the case where the initial island half width L is comparable to the ion inertia length. Configurations without and with a uniform magnetic guide field are considered. Significant energization occurs only when the number of islands is reduced to 2 or 3 with wavelength satisfying k x L Շ 0.2. The energization proceeds in two distinct stages. In the first stage, a small number of electrons are accelerated to relativistic energies at the X-line by the inductive electric field, corresponding to perpendicular acceleration in the absence of the guide field and parallel/ anti-parallel acceleration with a guide field. The second stage is associated with the final coalescence into one large island and produces a considerably larger number of relativistic electrons. With a guide field, this stage is dominated by the formation of elongated density cavities along one pair of separatrices and continued direct acceleration at the X-line. Without the guide field, the direct X-line acceleration becomes unimportant, and the acceleration is localized in the flux pile-up regions and results from the curvature drift interacting with the localized inductive electric field. Typically, some 15%-20% of the decrease in magnetic field energy is transferred to the electrons, with a few percent appearing in relativistic ͑E / m e c 2 Ͼ 0.3͒ electrons.
I. INTRODUCTION
Magnetic reconnection has long been believed to be the major driving mechanism for such disparate phenomena as solar flares, substorms in the Earth's magnetosphere, and disruptions in laboratory fusion experiments. Recent observations in both the magnetotail 1 and during solar flares 2-4 indicate that a substantial amount of energy is released in the form of accelerated ϳ10-300 keV electrons. Such a result is perhaps surprising since the Alfvénic bulk outflow velocities that are characteristic of reconnection are small compared to typical electron thermal velocities and are hence extremely small compared to the observed relativistic velocities.
The traditional assumption has been that energetic electrons could be produced during reconnection by means of direct acceleration by the inductive electric field. Zelenyi et al. 5 predicted in a model calculation that both electrons and ions could be accelerated to MeV energies and that the spectra would exhibit a power law behavior at these energies. Particle-in-cell ͑PIC͒ simulations of spontaneous reconnection in two dimensions ͑2D͒ found the production of relativistic electrons near the X-line to be rather limited 6 but suggested that other processes ͑such as grad B and curvature drifts for nonadiabatic particles with ϳ 1͒ operating in the magnetic flux pile-up region away from the X-line could be more effective. More robust evidence for direct electron acceleration at the X-line was found in 2D PIC simulations that considered externally driven reconnection 7 and reconnection in the presence of a guide magnetic field. [8] [9] [10] Alternative acceleration scenarios have involved a "surfing" mechanism in the inflow region 11 or appealed to the presence of multiple islands in the guide field case that could yield relativistic energies due to multiple encounters with the few kV accelerating potentials in each single island. 12 In the present paper we extend the 2D PIC treatment of electron acceleration during magnetic reconnection to the case of a moderately large number ͑ten͒ of initial magnetic islands. We consider both the case of no guide field and an imposed uniform guide field. We start from the well-known ͑infinite͒ island-chain equilibrium, 13 which is unstable to coalescence [14] [15] [16] as well as the tearing instability. This island-chain configuration has the advantage of not producing any large initial velocity flows resulting from a lack of pressure balance as is characteristic of the Geospace Environment Modeling ͑GEM͒ reconnection challenge type of simulations involving an imposed X-line. 17, 18 In addition, the presence of multiple islands may be directly relevant to reconnection in current sheets since the production of secondary magnetic islands has been observed in many 2D PIC simulations 19, 20 and in in situ observations in the magnetotail. 21 The outline of the paper is as follows. In Sec. II we describe the simulation model and the initial equilibrium configuration. Section III A presents the simulation results for the case of no guide field; Sec. III B considers the effect of variations of the background density; Sec. III C examines the changes produced by the inclusion of the guide field. Section IV contains the summary and discussion.
II. SIMULATION MODEL
The PIC simulation model is similar to that employed in our previous studies of collisionless magnetic reconnection. 18, 22, 23 The time-dependent Maxwell equations are integrated forward in time using an explicit leapfrog scheme, and a Poisson correction is applied to the electric field to ensure that the current continuity equation remains valid for the charge and current densities interpolated onto the spatial grid. In the present investigation a 2D spatial grid ͑the x , z plane͒ is retained, while the out-of-plane direction ͑y͒ is taken to be an ignorable coordinate. The initial configuration for the present simulation is the island-chain equilibrium 13 described by the vector potential component
where B 0 is the asymptotic value of the magnitude of the x component of the magnetic field, L gives the half thickness of the current sheet in z, and the parameter ⑀ ͑0 ഛ ⑀ Ͻ 1͒ determines the width of the initial island chain through the relation
In the present study the value ⑀ = 0.25 is used. The simulations are initialized with a ten-island portion of the ͑infinite͒ island chain with dimension L x ϫ L z =20L ϫ 10L. The magnetic field lines in the central portion of the x , z plane for such a ten-island configuration are shown in Fig. 1͑a͒ for ⑀ = 0.25. ͑In this and all succeeding figures, lengths are normalized by the half thickness L.͒ Periodic boundary conditions are assumed in x, while conducting/reflecting boundary conditions are assumed at z = Ϯ 5L. The density distribution is
where n b represents a uniform, nondrifting background plasma. In most of the present studies n b / n 0 = 0.2. The loading of this initial density distribution is described in Ref. 24 . In addition to the equilibrium magnetic field configuration described by Eq. ͑1͒, an optional uniform guide field B 0y is included in some of the runs; values of B 0y / B 0 = 0.5 and 1.0 are considered. The PIC simulations require specification of a number of additional kinetic parameters. The electron plasma frequency/gyrofrequency ratio is taken to be pe / ⍀ e0 = 3, the ion-to-electron mass ratio is m i / m e = 25, the temperature ratio is T i / T e = 5 with T i = ͑5 / 12͒m i v A 2 , where v A is the Alfvén speed based on B 0 and n 0 , the ratio c / v A = 15, and the ratio c / v Te = 7.3, where v Te = ͑2T e / m e ͒ 1/2 . The corresponding electron thermal energy is E Te =3T e / 2=m e c 2 / 72. The simulation grid is N x ϫ N z = 2048ϫ 1024, the half thickness L = i = 32.6⌬ ͑where i is the ion gyroradius in the B 0 field and ⌬ is the grid spacing͒, the ion inertia length ͑based on the density n 0 ͒ d i ϵ c / pi = 35.7⌬, the electron inertia length d e ϵ c / pe = 7.1⌬, the electron Debye length is 0.69⌬, the initial electron drift speed in the y direction for the Harris profile is 0.012c, and the simulation time step is ⍀ e0 ⌬t = 0.030. The total number of particles in the simulation is typically 1.65ϫ 10 9 , corresponding to a reference density n 0 of 1500 particles per species per cell.
III. SIMULATION RESULTS

A. No guide field
The initial case considered has no guide field imposed, and the background density is n b / n 0 = 0.2. The process of coalescence in the multi-island configuration is dominated by the pairwise coalescence mode. 15 For the present case of L = i and ⑀ = 0.25, the linear growth rate of this mode in the collisionless case is ␥ / ⍀ i0 = 0.19.
23 Figure 1͑b͒ shows the island structure at ⍀ i0 t = 36; several of the island pairs have begun to merge, but there are not yet any dominant X-lines. By ⍀ i0 t =48 ͓Fig. 1͑c͔͒, there are two dominant X-lines beginning to emerge at x / L = 18 and x / L = 57. By ⍀ i0 t = 60, ͓Fig. 1͑d͔͒, the dominance of the two X-lines is well established, and the subislands within each of the two larger islands are continuing to merge. Figures 2͑a͒-2͑c͒ show time histories of the particle kinetic energies and field energies for this run. The energies are normalized to the quantity E 0 = ͑B 0 2 / 8͒L x L z . During the initial pairwise coalescence phase ͑up to ⍀ i0 t Ϸ 40͒, all the energy changes are very small. Subsequently, the kinetic energies for the ions and electrons ͓Fig. 2͑a͔͒ exhibit two rather distinct growth stages: 50Շ⍀ i0 t Շ 70 and 85Շ⍀ i0 t Շ 100. These two growth stages are correlated quite closely with peaks in the inductive field energy ͐͑E y 2 / 8͒dxdz ͓Fig. 2͑b͔͒ and the reconnection field energy ͐͑B z 2 / 8͒dxdz ͓Fig. 2͑c͔͒
and with the decrease in the main field energy ͐͑B x 2 / 8͒dxdz ͓Fig. 2͑c͔͒. There is also a reasonable correlation with the increases in ͐͑E z 2 / 8͒dxdz ͓Fig. 2͑b͔͒ and ͐͑B y 2 / 8͒dxdz ͓Fig. 2͑c͔͒. The net relative drop in B x 2 field energy is about 32%; of this drop, about 66% goes into the ion kinetic energy, 15% into the electron kinetic energy, and 19% into reconnected field energy. The substantial reconnected field energy indicates that magnetic reconnection is the dominant process, since the pairwise coalescence mode produces much smaller changes ͑and even decreases͒ in the B z 2 energy. 23 The E y 2 energy reaches a peak value of about 5 ϫ 10 −5 E 0 during the second growth stage before decaying away. 2. ͑Color online͒ Time histories of particle and field energies during ten-island simulations with no initial guide field ͓left panels ͑a͒, ͑b͒, ͑c͒, ͑d͔͒ and with a finite guide field ͓right panels ͑e͒, ͑f͒, ͑g͒, ͑h͔͒. The normalization
͑a͒ Ion ͑blue/thick curve͒ and electron ͑multi-plied by a factor of 5, red/thin curve͒ kinetic energies for the case of n b / n 0 = 0.2. ͑b͒ Electric field energies ͐͑E x 2 / 8͒dxdz ͑blue/thick curve͒, ͐͑E y 2 / 8͒dxdz ͑red/thin curve͒, and ͐͑E z 2 / 8͒dxdz ͑green/gray curve͒ for the case of n b / n 0 = 0.2. ͑c͒ Magnetic field energies ͐͑B x 2 / 8͒dxdz ͑blue/thick curve͒, ͐͑B y 2 / 8͒dxdz ͑multiplied by a factor of 100, red/thin curve͒, and ͐͑B z 2 / 8͒dxdz ͑multiplied by a factor of 10, green/gray curve͒ for the case of n b / n 0 = 0.2. ͑d͒ Electron kinetic energies ͓for n b / n 0 = 0.05, blue/thick curve ͑with initial slope almost zero͒ and for n b / n 0 = 0.10, red/thin curve ͑with initial slope almost zero͔͒ and electric field energy ͐͑E y 2 / 8͒dxdz multiplied by a factor of 1400 ͑for n b / n 0 = 0.05, cyan/gray curve and for n b / n 0 = 0.10, magenta/thin curve͒. ͑e͒ Ion ͑blue/thick curve͒ and electron ͑multiplied by a factor of 5, red/thin curve͒ kinetic energies for the case of B 0y / B 0 = 1.0 and n b / n 0 = 0.2. ͑f͒ Electric field energies ͐͑E x 2 / 8͒dxdz ͑blue/ thick curve͒, ͐͑E y 2 / 8͒dxdz ͑multiplied by a factor of 2, red/thin curve͒, ͐͑E z 2 / 8͒dxdz ͑multiplied by a factor of 1 / 4, green/gray curve͒ for the case of B 0y / B 0 = 1.0 and n b / n 0 = 0.2. ͑g͒ Magnetic field energies ͐͑B x 2 / 8͒dxdz ͑blue/thick curve͒, ͐͑B y 2 / 8͒dxdz ͑red/thin curve͒, and ͐͑B z 2 / 8͒dxdz ͑mul-tiplied by a factor of 10, green/gray curve͒ for the case of B 0y / B 0 = 1.0 and n b / n 0 = 0.2. ͑h͒ Electron kinetic energy ͑multiplied by a factor of 5, red/thin curve͒ and electric field energy ͐͑E y 2 / 8͒dxdz ͑multiplied by a factor of 4000, magenta/gray curve͒ for the case of B 0y / B 0 = 0.5 and n b / n 0 = 0.2. connected B z field. Away from the X-line, the accelerating inductive electric force tends to be counteracted by the ev x B z / c force, and this latter force can reverse the sign of the electron v y velocity at distances of the order of several ion inertia lengths away from the X-line. 7 The electron z orbits are then unstable, and the electrons are expelled along field lines near the perimeter of the island where they remain trapped. Figure 4͑a͒ shows the pitch angle distribution of the electrons with E / m e c 2 Ͼ 0.3 in the region 15ഛ x / L ഛ 23. The distribution is strongly peaked at 90°as is expected for acceleration by the inductive field E y .
During the remainder of the first growth stage, the E y electric field continues to increase in the flux pile-up region, reaching a peak value of cE y / v A B 0 ϳ 0.4 ͑not shown͒. The value at the X-lines remains ϳ0.15. During this time electrons continue to be accelerated by the inductive E y field at the X-lines. Figure 5͑a͒ shows the location in the x , z plane of all electrons with kinetic energy E / m e c 2 Ͼ 0.3 at time ⍀ i0 t = 67. These energetic electrons are now well dispersed throughout the outer half of both islands. By the end of the first growth stage ͑⍀ i0 t ϳ 70͒, the two islands begin to merge at x / L ϳ 55. Since the merging process involves a reversed E y field, 23 this terminates acceleration in the vicinity of the merging point; acceleration continues somewhat longer near the x / L = 20 X-line. By ⍀ i0 t ϳ 79 ͓Fig. 5͑b͔͒, the merging process is well underway near x / L ϳ 55 and the direct acceleration to high energies near x / L ϳ 20 has nearly stopped due to the reduction in cE y / v A B 0 Շ 0.05. Figure 4͑b͒ shows the pitch angle distribution of the electrons with energy E / m e c 2 Ͼ 0.4 ͑E / E Te Ͼ 29͒ at time ⍀ i0 t = 73 in the range 8 Ͻ x Ͻ 16, which covers one of the flux pile-up regions. The distribution is now broadened with a much less pronounced peak near 90°as the electrons begin to spread out along the separatrices. Figure 4͑c͒ shows the pitch angle distribution at the same time for the region 31Ͻ x Ͻ 39, which covers the central portion of one of the islands. Here there is a double humped distribution with peaks at ϳ45°and 135°. These energetic electrons, which have been expelled from the X-lines and are trapped near the perimeter of the island, have roughly equal parallel and perpendicular energies. There are almost no energetic electrons with 90°pitch angle since that would correspond to no parallel velocity component. During the first energy gain interval, the direct acceleration of the energetic electrons at the X-line accounts for only about 0.5% of the total electron energy gain. The overwhelmingly dominant part of the electron gain occurs in the flux pile-up region where J · E becomes increasingly localized.
During the second energy growth stage, which coincides with the final coalescence into one large island ͓Fig. 5͑c͔͒, the number of energetic electrons increases dramatically. For example, the number of electrons with E / m e c 2 Ͼ 0.5 ͑E / E Te Ͼ 36͒ increase by a factor of about 25 as compared to the number at the end of the first stage. As shown in Fig.  5͑c͒ , however, there is essentially no direct acceleration to such energies at the X-line. Rather, the E y field is strongly concentrated in the flux pile-up regions illustrated in 6͑a͒. In these regions the reconnected field B z ϳ B 0 . In these pile-up regions the ion and electron V x flow speeds away from the X-line have become nearly equal at ϳ0.5v A ; at shorter distances away from the X-line in the electron exhaust region the electron flow speed reaches as high as 2v A and greatly exceeds that of the ions. The peak value of cE y / v A B 0 Ϸ 0.7 in Fig. 6͑b͒ arises from an ion flow ͉v ix ͉ / v A Ϸ 0.7 away from the X-line and a peak field ͉B z ͉ / B 0 Ϸ 1. The energetic electrons are trapped within the island, and they receive a kick each time they pass through the region where J · E is localized ͓Fig. 6͑c͔͒. The time for an energetic electron to make half a transit around the island and thus pass through one localized J · E region on average is about 2.5 ⍀ i0 −1 . Thus, in a growth stage of ϳ15 ⍀ i0 −1 , an electron would experience 5-6 transits through an accelerating region. The E / m e c 2 Ͼ 0.3 electrons now represent about 5% of the electron energy gain during the second stage.
A similar production of energetic electrons in the flux pile-up region was observed by Hoshino et al. 6 in a 2D PIC simulation of single island reconnection and was explained in terms of the effect of the grad B and curvature drifts. These drifts are given by
where j is the species index. The first term on the right-hand side of Eq. ͑4͒ is the grad B drift, while the second term is the curvature drift. At z = 0 and for the case of no guide field where the fields are symmetric with respect to z = 0, the y component of the drift reduces to
Inspection of Fig. 6͑a͒ shows that there are regions of positive B z ͑‫ץ‬B / ‫ץ‬x͒ ͑which gives a negative v dye and hence positive contribution to the current density J ye ͒ near x Ϸ 7 and x Ϸ 31. These are, however, smaller by an order of magnitude compared to the curvature drift term for the same values of v Ќ 2 and v ʈ 2 . This latter term dominates the drift in the flux pile-up region, and it is responsible for the energy kick received as the particles pass through this region. Note that the current density produced by the curvature drift is positive for both electrons and ions, and the resulting J · E dissipation will energize both species and produce an essentially bulk heating. Figure 7͑a͒ shows the energy spectrum at time ⍀ i0 t = 97 for all the electrons in the range 39Ͻ x Ͻ 55 ͑solid line͒; this includes the central part of the merged island as shown in Fig. 5͑c͒ . The dashed line shows the initial distribution in the same region. There is some indication of a power law spectrum at energies E / m e c 2 տ 0.5 with a slope of ϳ10. This is comparable to what was observed in a simulation of spontaneous reconnection at a single X-line, 7 but it represents a much softer spectrum than was observed for driven reconnection 7 and during passage through a reconnection region in the magnetotail; 1 in these latter cases the slope ϳ4.6-4.8. In fact, the portion of the solid line in Fig. 7͑a͒ above 0.5m e c 2 is fit rather well as a heated Maxwellian with a temperature of 0.08m e c 2 , which is some 8-9 times larger than the initial value.
B. Variation of background density
We now consider the effect of reducing the background density ratio n b / n 0 . Figure 2͑d͒ shows the time histories of the electron kinetic energy ͓red/thin curve ͑with initial slope almost zero͒ for n b / n 0 = 0.10 and blue/thick curve ͑with initial slope almost zero͒ for n b / n 0 = 0.05͔ and the integrated E y electric field energy ͑magenta/thin curve for n b / n 0 = 0.10 and cyan/gray curve for n b / n 0 = 0.05, both multiplied by a factor of 1400͒. For the case of n b / n 0 = 0.10, the results are similar to those for n b / n 0 = 0.20: the electron kinetic energy exhibits two fairly distinct growth stages which correlate well with enhanced values of the E y energy. The fractional gain in the electron kinetic energy is somewhat larger than before ͑144% versus 85%͒, the peak E y energy is about a factor of 2 higher, and the growth stages occur at somewhat earlier times. These results all reflect the fact that the reconnection is somewhat stronger in the presence of a lower asymptotic density. The electric field at the X-line in the first stage now reaches cE y / v A B 0 ϳ 0.30, and significant numbers of electrons are accelerated directly to E / m e c 2 Ͼ 0.6 ͑E / E Te Ͼ 43͒ in this stage.
When the background density ratio is reduced further to 0.05, there is only a single growth stage for the electron kinetic energy ͓Fig. 2͑d͔͒. The relative electron kinetic energy gain is now 224%, and the peak E y 2 energy relative to E 0 is now up to 3.2ϫ 10 −4 . In this case of very low background density, the reconnection rate is increased so much that re- 
connection at the dominant X-line overwhelms the coalescence of the remaining small islands, resulting in the formation of one large island at an earlier time. The electric field at the X-line now reaches cE y / v A B 0 ϳ 0.4, and that in the flux pile-up region reaches as high as 2.0. The combined effects of direct acceleration at the dominant X-line and the curvature drift in the pile-up region accelerate about 1 in every 20 000 electrons to E / m e c 2 Ͼ 1.0 ͑E / E Te Ͼ 72͒. In the magnetotail, this case probably corresponds to what occurs when reconnection extends all the way into the lobes. Figure 7͑b͒ shows the electron energy spectrum at time ⍀ i0 t =54 in one of the pile-up regions ͑0 Ͻ x Ͻ 8͒. There is now a clearer indication of a power law spectrum above ϳ0.5m e c 2 , and the slope is about 5.7, indicating a harder spectrum.
C. Finite guide field
We now consider the same ten-island configuration but with the addition of a uniform guide field B 0y / B 0 = 1.0. The energy time histories are given in Figs. 2͑e͒-2͑g͒. There are once again two energy growth intervals, although the earlier one is now less pronounced. The relative drop in main magnetic field energy ͑23%͒ is somewhat smaller than before, while the relative ion energy gain is much smaller, only 39% of the B x 2 drop. The electron ͑17% at time ⍀ i0 t = 110͒ and B z 2 ͑24%͒ energy gains are close to the no guide field case, while there is also an appreciable transient increase in the total B y 2 energy ͑20% at time ⍀ i0 t = 110͒. The electric field energies E z 2 and E x 2 are now much larger than before, and the gains occur predominantly during the second growth interval and then fade away. The E y 2 energy is somewhat larger ͑ϳ7 ϫ 10 −5 E 0 ͒ than before during the second growth stage but is considerably weaker than before during the first growth interval. Figure 8 illustrates the conditions ͑at time ⍀ i0 t =64͒ leading to energetic electron production during the first growth stage. Figure 8͑a͒ shows the location of those electrons with energy E / m e c 2 Ͼ 0.35 ͑E / E Te Ͼ 25͒. Due to the strong initial guide field, the electrons are magnetized at all three X-lines. The dominant electron acceleration occurs near the X-line at x Ϸ 28. In this region there is a moderately strong E y field ͓Fig. 8͑b͔͒, which can accelerate electrons in the anti-parallel direction along the dominant B y field. Along the lower left and upper right separatices at each X-line are significant density cavities 18 where the density drops as low as 0.07n 0 ͓Fig. 8͑c͔͒. In these cavities, electrons are initially accelerated by a parallel electric field to form a moderately cold beam with speed comparable to the electron Alfvén speed 9, 18, 27 ͑which corresponds to an energy of ϳ5 keV in the magnetotail͒. The electrons are then fed into the X-line 9 and are further accelerated by the E y field and emerge along the upper left and lower right separatrices and are then trapped inside the islands. As has been observed in previous 2D PIC simulations, 22, 27 the relative drift between the cold electron beam in the cavity and the ambient ion population exceeds the threshold for excitation of the Buneman instability. This leads to the growth of a strongly modulated structure in the parallel electric field along the separatrices ͑not shown͒. Figure 4͑d͒ shows the pitch angle distribution of the electrons with energy E / m e c 2 Ͼ 0.35 located in the range 24Ͻ x Ͻ 39. As expected, the distribution is strongly peaked in the anti-parallel direction. If the direction of the guide field were reversed, then the electrons would be peaked in the parallel direction and they would emerge along the opposite pair of separatrices.
The second growth phase is associated with the coalescence into one large island ͓illustrated in Fig. 9͑a͒ at time ⍀ i0 t = 109͔, and the field and particle energy changes are much greater than during the first stage. During the merging of the islands, the inductive field E y becomes negative at the merging sites near x Ϸ 10 and x Ϸ 54. This negative field then accelerates some electrons parallel to the magnetic field as illustrated in Fig. 4͑e͒ for the region 8 Ͻ x Ͻ 16 at time ⍀ i0 t = 85. This is a transitory effect, however, and at the end of the second stage the electron distribution is again strongly anti-parallel ͓Fig. 4͑f͔͒. The electric field E y again becomes concentrated in a flux pile-up region ͓Fig. 9͑b͔͒ where the magnitude of B z becomes as large as 0.8B 0 . This is still smaller than the B y component which is increased by 10%-30% over its initial value. A moderate value of cE y / v A B 0 ϳ 0.1 still persists in the region of the one final X-line, and the density cavity structure persists on a much larger spatial scale ͑the minimum density is now ϳ0.05n 0 ͒ ͓Fig. 9͑c͔͒. The result is that the energetic electron production at the X-line continues to dominate. Some of the seemingly chaotic structure of energetic electrons within the island seems to be due to effects of the curvature drift and the remnants of the merging process, but these are minor effects compared to the direct acceleration. Since the energetic electrons are strongly anti-field-aligned, the grad B drift cannot be effective for the guide field case. Once the merging process is complete, the electric field energies drop sharply, and there is no further acceleration at the X-line. The energy spectrum at late times is shown in Fig. 7͑c͒ . The solid line gives the spectrum in the vicinity of the X-line, while the dashed line gives the spectrum in the merged island. The high-energy portion ͑E / m e c 2 տ 0.5͒ of the spectrum near the X-line is somewhat harder with a slope of about 7 compared with that in the island ͑slope about 9͒. The proportions of the electron energy gain in the relativistic electrons are similar to those in the no-guide-field case. During the first stage, 0.3% of the electron energy gain appears in the relativistic part of the spectrum, while in the second stage, 3% of the energy gained in the stage appears as relativistic electrons.
We also consider briefly the case where the initial guide field strength is reduced to 0.5B 0 . This is the approximate value that was present during the Wind magnetotail observations of Ref. 1. The time histories of the electron kinetic energy and the electric field E y 2 energy are shown in Fig.  2͑h͒ . The break between the first and second stages is not apparent in these histories, but the B y and B z histories show a pause in energy growth at ⍀ i0 t ϳ 60. The gain in electron kinetic energy is comparable to those for the B 0y = 0 and 1 cases, while the peak E y 2 energy reaches ϳ8 ϫ 10 −5 E 0 , slightly higher than before. The fractions of the B x 2 energy drop appearing as ion kinetic energy ͑50%͒ and B y 2 field energy ͑12%͒ are intermediate between those for the B 0y / B 0 = 0 and 1 cases. One new feature of this weaker guide field case is that the current sheet can become thin enough in the vicinity of the X-line that a secondary island can be formed. 12, 27 As shown in Figs. 10͑a͒ and 10͑b͒ this process in the anti-parallel field case they are produced mainly in the flux pile-up regions located some ten ion inertia lengths downstream from the X-line.
The Cluster data reported by Chen et al. 32 involving 35-94 keV electrons featured many correlations between enhanced electron fluxes and sharp density spikes. This suggested a direct link between the energetic electron fluxes and magnetic reconnection with the fluxes peaking at sites of compressed density within the islands rather than at X-lines. The present results show energetic electrons in moderate density regions in the outer portions of islands but not in the high density regions at the center.
A major limitation of all the PIC simulation models that have investigated electron acceleration is the restriction to two spatial dimensions. It is not clear how far the inductive electric fields extend in the out-of-plane direction. The inductive E y fields observed in the present simulations had dimensionless strengths of ϳ0.15 at the X-lines ͑but up to ϳ0.4 with a very low background density of 0.05n 0 ͒ and up to 0.7-1.0 in the flux pile-up regions. Using near-magnetotail ͑distant-magnetotail͒ values of v A = 800 km/ s ͑690 km/ s͒ and B 0 =20 nT ͑10 nT͒, these fields correspond to 2.4-16 mV/ m ͑1.0-6.9 mV/ m͒. Thus, acceleration to 300 keV would require a distance of 3R E -20R E ͑7R E -47R E ͒. The shorter distances are probably possible, but the longer are doubtful. The relevance to the solar flare case seems to be problematic since the volume over which the reconnection electric fields are operative is probably only a small fraction of the total flare volume. In addition, it is possible that the acceleration for the guide field case could be affected by current driven instabilities that might develop in the parallel direction and which are largely excluded in the 2D treatment.
